Spectroscopy on two oxygen-insensitive Ni-Fe hydrogenases from Ralstonia eutropha (NAD-reducing, soluble hydrogenase; hydrogen sensor, regulatory hydrogenase) reveals non-standard catalytic behaviour and unique structures of their Ni-Fe cofactors. Possible mechanistic implications are briefly discussed.
Introduction
Hydrogenases represent an important class of metalloenzymes. They catalyse the reversible cleavage of molecular hydrogen into electrons and protons. These reactions are of potential relevance for biotechnological or biomimetic production of hydrogen as a fuel [1] . Fe-Fe hydrogenases are irreversibly inactivated in the presence of dioxygen. Also the standard type of Ni-Fe hydrogenases, found, e.g. in Desulfovibrio gigas [2] , is inactivated by moderate oxygen concentrations; however, this inactivation is reversible. The facultative chemolithoautotrophic β-proteobacterium Ralstonia eutropha houses three different Ni-Fe hydrogenases that are all fully active in the presence of O 2 [3] . (i) The membrane-bound enzyme (MBH) is linked to the respiratory chain. (ii) The SH (soluble hydrogenase), NAD-reducing enzyme provides reducing equivalents for CO 2 fixation. (iii) The RH (regulatory hydrogenase) acts as a hydrogen sensor [4, 5] . Its interaction with H 2 initiates a complex signal-transduction cascade that leads to the expression of the energy-converting hydrogenases.
In crystallography, detailed information on the atomic structure of the standard type of Ni-Fe hydrogenases has been obtained [6] . So far, crystallization of the O 2 -insensitive enzymes has not been achieved. Accordingly, characterization of the catalytic reactions occurring at the active site Ni-Fe cofactor has to rely on molecular biology methods and spectroscopic techniques such as XAS (X-ray absorption), FTIR (Fourier-transform infrared) and EPR spectroscopy.
The characterization of intermediates populated during the catalytic reactions of the oxygen-insensitive Ni-Fe hydrogenases is expected to provide insights into the mechanism of hydrogen conversion and sensing. Changes of the oxi-dation state of the Ni atom and of the structure of the NiFe cofactor are of key interest. Investigations on the atomic structure of the Ni-Fe cofactor in the RH and the SH yielded surprising results. In both enzymes, the atomic structure of the Ni-Fe cofactor and its behaviour during its interaction with H 2 pronouncedly differs from the situation in standard Ni-Fe hydrogenases.
RH
The hydrogen sensor is composed of the large subunit HoxC that harbours the Ni-Fe active site and the small subunit HoxB that contains FeS clusters. The RH forms a double dimer (HoxBC) 2 that is connected to a tetramer of the histidine protein kinase HoxJ. The N-terminal periodateSchiff domain (signalling module) of HoxJ is required for the complex formation [7] . The RH cleaves H 2 only at extremely low rates. At variance with standard hydrogenases, where up to nine different redox states of the enzymes can be prepared by biochemical treatments, in the RH only two states of functional relevance have been detected [5] . After aerobic isolation the enzyme is in its oxidized state containing Ni II . This state does not need to be activated, but is always ready to bind hydrogen, a prerequisite for the sensor function. In the presence of H 2 , it is rapidly converted into a state revealing a typical EPR-signal, termed Ni-C, due to an Ni III -H − species. XAS [8] investigations revealed that the co-ordination of the Ni differs from the one in standard hydrogenases (Figure 1 ). In the oxidized RH, a five-co-ordinated Ni in an (O) 1 [8] (Figure 1) . Apparently, H 2 is split heterolytically leading to a hydride bound to Ni and Fe [9] and, concomitantly one thiol from a cysteine residue is detached from the Ni [8] . These reactions are not inhibited by O 2 or CO. The resulting Ni-C state is unusually stable. the RH that acts as a hydrogen sensor Binding of hydrogen to the oxidized RH leads to the detachment of a thiol from Ni [8] and also to the binding of a hydride in a bridging position between Ni and Fe [9] . Alternatively to the shown arrangement, one of the bridging cysteine residues may become detached from Ni. For further details, see [8] .
It may be hypothesized that the structural changes induced by the redox reactions on hydrogen binding are transduced through the periodate-Schiff domain to the kinase thereby switching off phosphorylation and enabling expression of the energy-converting hydrogenases.
SH
The NAD-reducing hydrogenase is a heterotetrameric enzyme comprising a redox chain that consists of the Ni-Fe site, several [2Fe-2S] and [4Fe-4S] clusters and two FMN molecules [10] . By this chain, electrons from H 2 cleavage are transferred to NAD + . After aerobic isolation, the SH is inactive and EPR-silent (Ni II ); the Ni III -containing Ni-A and -B states found in standard hydrogenases are not detectable. Activation of the SH is rapidly achieved in the presence of catalytic amounts of NADH and H 2 , necessary for the efficient use of hydrogen as an energy source in R. eutropha. FTIR revealed that both, the Ni and Fe atoms, carry one additional CN molecule as ligands [11] [12] [13] [14] . Detailed XAS investigations provided evidence for a (CN) 1 (O) 2 (CysS) 1 Ni II (µ-CysS) 1 (O) 1 Fe II (CN) 3 (CO) 1 configuration in the oxidized SH [14] ; only two of the cysteine residues that bind the Ni in standard hydrogenases provide Ni ligands in the SH (Figure 2) . On activating the SH, one oxygen species is lost from the Ni and, subsequently, hydrogen seems to bind to the open co-ordination site (Figure 2 ). Throughout the H 2 cleavage cycle, the Ni remains in its bivalent oxidation state. An Ni-C state (Ni III -H − ) seems not to be involved [14] . Investigations on wild-type and SH mutant proteins harbouring single amino acid replacements provided evidence that the extra CN − molecule bound to the Ni is related to the oxygen insensitivity and to the rapid activation properties [13] [14] [15] . A particularly surprising feature of the Ni-Fe cofactor of the SH is its apparent variability. Under prolonged and strong reduction, the unusual Ni site in the oxidized enzyme has been found to be converted into a more standardlike (CysS) 4 -Ni configuration that can adopt the Ni-C state [14, 16] . Experiments are underway to elucidate whether this drastic structural change is of functional relevance. Only two thiols from cysteine residues co-ordinate the Ni that remains in its bivalent oxidation state. An Ni-C state (Ni III -H − ) seems not to be involved in hydrogen cleavage. Note the extra CN − molecules at both the Ni and Fe atom. For further details, see [14] .
Conclusion
In summary, both the hydrogen sensing (RH) and the NADreducing (SH) Ni-Fe hydrogenase from R. eutropha reveal structural and catalytic properties that pronouncedly differ from the ones of standard Ni-Fe hydrogenases [5, 8, 12, 14, 15] . The unusual structures of the Ni-Fe cofactors and marked structural changes on their interaction with hydrogen seem to provide the molecular basis for O 2 -insensitive H 2 turnover and H 2 sensing. By the application of complementary spectroscopic techniques (XAS, FTIR and EPR), further insights into the mechanisms at the atomic level are expected.
